Nuclear factor-kB (NF-kB) signaling contributes to human disease processes, notably inflammatory diseases and cancer. NF-kB has a role in tumorigenesis and tumor growth, as well as promotion of metastases. Mechanisms responsible for abnormal NF-kB activation are not fully elucidated; however, RelA phosphorylation, particularly at serine residues S536 and S276, is critical for RelA function. Kinases that phosphorylate RelA promote oncogenic behaviors, suggesting that phosphatases targeting RelA could have tumor-inhibiting activities; however, few RelA phosphatases have been identified. Here, we identified tumor inhibitory and RelA phosphatase activities of the protein phosphatase 2C (PP2C) phosphatase family member, PPM1A. We show that PPM1A directly dephosphorylated RelA at residues S536 and S276 and selectively inhibited NF-kB transcriptional activity, resulting in decreased expression of monocyte chemotactic protein-1/chemokine (C-C motif) ligand 2 and interleukin-6, cytokines implicated in cancer metastasis. PPM1A depletion enhanced NF-kB-dependent cell invasion, whereas PPM1A expression inhibited invasion. Analyses of human expression data revealed that metastatic prostate cancer deposits had lower PPM1A expression compared with primary tumors without distant metastases. A hematogenous metastasis mouse model revealed that PPM1A expression inhibited bony metastases of prostate cancer cells after vascular injection. In summary, our findings suggest that PPM1A is a RelA phosphatase that regulates NF-kB activity and that PPM1A has tumor suppressor-like activity. Our analyses also suggest that PPM1A inhibits prostate cancer metastases and as neither gene deletions nor inactivating mutations of PPM1A have been described, increasing PPM1A activity in tumors represents a potential therapeutic strategy to inhibit NF-kB signaling or bony metastases in human cancer.
INTRODUCTION
Nuclear factor-kB (NF-kB), comprised of a family of pluripotent transcription factors, has a fundamental role in inflammatory and immune responses, and aberrant NF-kB activity can directly contribute to tumorigenesis, neovascularization, tumor growth and metastases.
1,2 NF-kB activation has been described in many tumors including HNSCC 3, 4 and breast cancer. 5, 6 Dysregulation of NF-kB in prostate cancer has been identified as a major driver of distant metastasis, which is the primary cause of death in this common male cancer. [7] [8] [9] One transcriptional target of NF-kB, monocyte chemotactic protein-1 (MCP-1), also known as chemokine (C-C motif) ligand 2 (CCL2), has been implicated in prostate cancer migration, invasion and metastasis through effects on both tumor cells and the microenvironment. 10 MCP-1 seems to be particularly implicated in bony metastases for prostate cancer and in other tumor types including renal cancer, bladder cancer and breast cancer. 11 Although mechanisms governing MCP-1 expression are not fully described, the suspected importance of this cytokine in tumor progression is affirmed by the recent initiation of clinical trials using neutralizing antibody targeting MCP-1.
Because of the role of NF-kB in varied biological processes, NF-kB activity is intricately controlled at multiple levels. Inhibition of NF-kB through binding to IkBa with prevention of nuclear translocation has been well characterized; however, full activation of nuclear NF-kB transcriptional activity requires phosphorylation of RelA. 12 Phosphor-acceptor sites of RelA have been characterized, 12, 13 particularly implicating serine residues S536 and S276, as critical for NF-kB activation. 14, 15 Although not as extensively studied, dephosphorylation of RelA is needed to prevent harmful effects of prolonged RelA signaling. 16 To date, only two phosphatases, PP2A and Wip1/PPM1D, have been shown to directly dephosphorylate RelA, both having activity toward S536. 17, 18 Deficiency of PP2A contributes to the constitutive activation of RelA in melanoma cells, 17 and mice lacking Wip1 have an inflammatory phenotype, 18 suggesting that loss of RelAtargeting phosphatases can impact pathological processes including cancer.
PPM1A belongs to the protein phosphatase 2C (PP2C) family together with Wip1 and PPM1B. PPM1A has been implicated in the regulation of several signaling pathways including tumor growth factor-b/Smad, 19 mitogen-activated protein kinase (c-Jun N-terminal kinase/p38), Cdk2 and Cdk6 20 and the nerve growth factor-activated Akt/ERK pathway. 21 Regulation of these pathways has been attributed to PPM1A phosphatase activity toward important pathway components in some cases (for example, Smad2/3 and p38), but has not been fully characterized in others (for example, Akt/ERK, Cdk2 and Cdk6). In addition, PPM1A has been implicated in the regulation of proliferation, 20 cell invasion and migration, 22 but targets of PPM1A activity that regulate these activities have not been identified. Recently, PPM1A has been described as an indirect regulator of NF-kB through dephosphorylation and inactivation of IkB kinase b (IKKb). 23 Here we show that PPM1A directly dephosphorylated RelA at S536 and S276, with resultant inhibition of NF-kB transactivation and decreased expression of target genes, notably including MCP-1/ CCL2. We report that PPM1A expression was downregulated in human metastatic prostate cancer, and that restoration of PPM1A decreased seeding and bony growth of prostate cancer cells in an animal vascular injection model. In addition, loss of PPM1A increased NF-kB-dependent invasion. These data suggest that PPM1A has tumor suppressor-like qualities that are, at least partially, dependent on the regulation of RelA.
RESULTS

PPM1A directly dephosphorylates RelA
To better understand drivers of cancer progression and metastases, we sought to identify phosphatase inhibitors of NF-kB that work directly to dephosphorylate RelA. Because the PP2C family member Wip1 is one of the two described RelA phosphatases, we considered a PP2C family member, PPM1A, as a candidate RelA phosphatase. To begin exploring this possibility, the effect of endogenous PPM1A on RelA phosphorylation was determined in U2OS and HeLa cells. Following PPM1A depletion using two independent small interfering RNAs (siRNAs), RelA phosphorylation at S536 was increased in both cell lines, whereas total RelA levels were not altered (Figure 1a) . Depletion of PPM1A further increased RelA phosphorylation following stimulation with tumor necrosis factor a (TNFa) (Supplementary Figure S1A) . siRNAmediated depletion of PPM1A did not alter total RelA levels (Supplementary Figure S1A) and did not affect PPM1B or Wip1 protein expression (Supplementary Figure S1B) . Expression of wild-type PPM1A decreased S536 phosphorylation of ectopically expressed RelA both with and without TNFa stimulation, whereas phosphatase-dead (R174G) PPM1A had no effect (Figure 1b) . Interestingly, RelA S276 phosphorylation was similarly decreased full-length Flag-RelA was used as substrate for in vitro phosphatase assay. Phospho-and total RelA were visualized by immunoblotting. Exclusion of PPM1A or magnesium in the phosphatase buffer served as negative controls. (e and f ) S536-and S276-specific phosphorylated RelA peptides were incubated with equal amounts of glutathione S-transferase (GST)-PPM1A or His-Wip1 and free phosphate measured by malachite green assay. OD, optical density; PPM1A-PD, phosphatase dead PPM1A.
by the expression of PPM1A (Figure 1b) and siRNA-mediated depletion of PPM1A increased S276 phosphorylation after TNFa treatment (Supplementary Figure S1C) . Phosphorylation of S468, a known transcriptional inhibition phosphorylation site of RelA, 24, 25 was unaffected by the expression of PPM1A (Figures 1b, 0 .9 normalized to vector control as 1).
We confirmed reports that PPM1A decreases IKKa and IKKb phosphorylation 23 (Supplementary Figure S1D) ; therefore, decreased RelA phosphorylation observed following expression of PPM1A could be a result of direct activity to dephosphorylate RelA or be mediated by IKKs. To begin exploring these possibilities, PPM1A was expressed in IKKa À / À , IKKb À / À doublenull mouse embryonic fibroblasts. Notably, PPM1A expression resulted in decreased RelA S536 phosphorylation in the absence of IKKa or IKKb (Figure 1c, lanes 4, 5) indicating that PPM1A regulates RelA independent of IKKs. In these cells, decreased RelA phosphorylation was also dependent on PPM1A phosphatase activity and did not alter in RelA protein levels (Figure 1c) .
Although PPM1A activity toward RelA was independent of IKKs, PPM1A regulation of RelA phosphorylation could be mediated through unknown indirect activities or through direct dephosphorylation of RelA. To begin distinguishing these possibilities, in vitro phosphatase assays using full-length RelA or RelA-specific phosphopeptides as substrates were performed. To determine PPM1A activity toward the full-length protein, expressed Flag-RelA was immunoprecipitated from 293T cells and then incubated with bacterially synthesized glutathione S-transferase-PPM1A proteins. Incubation with wild-type ( Figure 1d , lanes 1-5) but not phosphatase-dead PPM1A (Figure 1d , lane 6), decreased RelA phosphorylation at S536 in a dose-dependent manner. As with all PP2C family members, PPM1A phosphatase activity was magnesium-dependent (Figure 1d , compare lanes 5 and 7). Because reliable phospho-specific antibodies are available only for S536 and to confirm findings of the full-length phosphatase assay, a peptide-based phosphatase assay was performed. Synthesized RelA phosphopeptides corresponding to phospho-S536 and S276 (pS536, pS276) (LifeTein, South Plainfield, NJ, USA) were used as substrates and dephosphorylation was quantified using malachite green assay. 18 Wild-type, but not phosphatase-dead, PPM1A dephosphorylated the pS536 peptide with equivalent efficacy as the known RelA S536 phosphatase, Wip1 (Figure 1e , compare lanes 4 and 7). As opposed to Wip1, PPM1A also dephosphorylated the pS276 peptide (Figure 1f , compare lanes 4 and7). As expected, magnesium was required for the activity of both PPM1A and Wip1 (Figures 1e and f, lane 6 ) and the phosphatasedead mutant of PPM1A had no activity toward either pS536 or pS276 peptides (Figures 1e and f, lane 5) . Taken together, these data suggest that PPM1A is a direct RelA phosphatase and the first phosphatase with the potential activity toward pS276 of RelA.
PPM1A inhibits RelA transcription activity, decreases NF-kB-dependent cell invasion, sensitizes cell to TNFa, but does not alter RelA nuclear localization or DNA binding Phosphorylation at serine residues S536 and S276 is critical for RelA transactivation activity. 26 To determine if dephosphorylation by PPM1A inhibits RelA transcriptional activity, a dual-luciferase reporter assay was performed. 3 In U2OS cells, endogenous NF-kB transcriptional activity was decreased following ectopic coexpression of wild-type PPM1A-and NF-kB-responsive reporter ( Figure 2a ). Likewise, PPM1A also inhibited endogenous NF-kB transcriptional activity after stimulation by TNFa or IL-1b and reversed luciferase transcription increased by ectopic expression of RelA (Figure 2b ), whereas PPM1A did not inhibit transcription of control reporter without NF-kB-responsive element (Supplementary Figure S2A) . Consistent with our observations that phosphatase activity was required for PPM1A to alter RelA phosphorylation, phosphatase-dead PPM1A had no effect on RelA transcriptional activity (Figures 2a and b) . S536 and S276 contribute to RelA transcriptional activity and both residues were dephosphorylated by PPM1A. To explore the relative contribution of these two residues to PPM1A-mediated RelA inhibition, RelA mutants mimicking phosphorylation at these sites (RelAS536D and RelAS276D) were expressed with or without PPM1A. S536D and S276D mutants displayed increased transcriptional activity compared with wild-type RelA (Figure 2c ). Ectopically expressed PPM1A inhibited transcription by RelA S276D (Po0.001), but not by RelA S536D (P ¼ 0.86). Of note, PPM1A inhibited slightly less efficiently the transcription by the S276D mutant than wild-type RelA (inhibition rate 56 vs 64%, Po0.01). Taken together, these data suggest that dephosphorylation of S276 by PPM1A may contribute to inhibit RelA transcriptional activity, but the majority of PPM1A activity to inhibit RelA transcription relies on dephosphorylation of S536 of RelA.
Given that PPM1A robustly inhibited RelA transcription (Figures 2a-c) , we explored NF-kB target genes regulated by endogenous PPM1A by comparing expression between HeLa cells with and without lentivirus-driven PPM1A knockdown. Of tested genes (RT 2 Profiler PCR Array; SABiosciences, Valencia, CA, USA), expression of selective RelA-responsive genes (Table S1 ), including MCP-1 and IL-6, were increased at least 1.5-fold following PPM1A depletion. These data are consistent with earlier reports 23, 27 that PPM1A regulates IL-6 expression, as we confirmed in PC3 (human prostate cancer) cells (Supplementary Figure S2B) . Expression of MCP-1, a chemokine that is linked to tumor progression and metastases, was confirmed by real-time polymerase chain reaction (PCR) (Figure 2d These data suggest that PPM1A selectively regulates NF-kB transcription activity.
We previously showed that the tumor suppressor LZAP inhibits NF-kB activity and diminishes HeLa cell invasion. 3 To determine if PPM1A inhibition of RelA similarly decreased HeLa invasion, matrigel invasion was measured after PPM1A depletion. Knockdown of PPM1A increased HeLa cell invasion by approximately fivefold (Figure 2f ). IkBa degradation leads to release and nuclear localization of NF-kB dimmers with the RelA/p50 heterodimer representing the most abundant and the primary target of IkBa. 30, 31 To determine if increased invasion associated with PPM1A depletion was dependent on NF-kB and especially RelA, a non-degradable IkBa, termed IkBa-super-repressor, was expressed in PPM1A-depleted cells. Inhibition of NF-kB abrogated the increased invasion observed following PPM1A knockdown (Figure 2e ). These data suggest that depletion of PPM1A enhances NF-kB-dependent cell invasion.
TNFa activates apoptotic pathways but rarely results in massive cell death due to simultaneous induction of NF-kB transcription. 32 To determine if PPM1A-mediated inhibition of NF-kB would sensitize cells to TNFa, PPM1A was expressed in HT1080 cells before treatment with increasing doses of TNFa. Remarkably, PPM1A sensitized HT1080 cells to TNFa-induced cell death, albeit to a lesser extent than IkBa-super-repressor (Figure 2f ). In the absence of expressed PPM1A or IkBa-super-repressor, HT1080 cell survival was minimally impacted by TNFa concentrations tested.
Inhibition of RelA nuclear translocation is a well-described mechanism for the regulation of NF-kB. Our data suggest that PPM1A is a direct RelA phosphatase, and although phosphorylation of RelA is not required for nuclear translocation, it is possible PPM1A, RelA phosphatase with tumor suppressor-like activity X Lu et al that PPM1A could inhibit both RelA phosphorylation and nuclear localization. To explore this possibility, subcellular distribution of expressed RelA and phospho-RelA were determined following coexpression of RelA with wild-type or phosphatase-dead PPM1A.
Immunoblotting of cell fractions revealed that neither wild-type nor phosphatase-dead PPM1A inhibited nuclear translocation of RelA (Figure 3a , compare lane 4 with lanes 5 and 6). Consistent with our finding that PPM1A decreased RelA phosphorylation (Figures 1a-c) , pS536 RelA was markedly decreased in the nuclear fraction following expression of wild-type, but not phosphatasedead, PPM1A. PPM1A was primarily localized to the nucleus (data not shown and Lin et al 19 ) , suggesting that PPM1A may act to dephosphorylate RelA after translocation to the nucleus. Next, we determined if overall DNA-binding activity of RelA was altered by PPM1A. RelA DNA binding was stimulated by TNFa and DNA-bound RelA identified and quantitated (Active Motif, Carlsbad, CA, USA). PPM1A expression did not alter TNFa-stimulated DNA-binding activity of RelA compared to control cells at any time point tested (Figure 3b ). As a positive control, ectopic expression of IkBa-super-repressor efficiently inhibited DNA binding by RelA at all the time points. Collectively, these data suggest that PPM1A inhibition of RelA does not depend on inhibition of RelA nuclear translocation and that PPM1A regulation of RelA transcription is gene-or promoter-specific.
PPM1A inhibits NF-kB activation, MCP-1 expression and cell invasion in prostate cancer cell lines We were intrigued that PPM1A regulated the expression of MCP-1 (Figure 2d ), a chemokine whose expression has been strongly linked to bony metastasis in prostate and advanced breast cancers. 33, 34 To begin exploring a potential role of PPM1A in regulating bony metastases in prostate cancer, we explored PPM1A expression and the effect of PPM1A manipulation in a pair of prostate cancer cell lines with well-described metastatic and invasive potential, PC3 and LNCaP. LNCaP cells are androgendependent with low metastatic potential, whereas PC3 cells are androgen-independent and highly metastatic. Perhaps related to their aggressive metastatic potential, PC3 cells express higher levels of MCP-1. 35 We observed that PPM1A protein ( Figure 4a ) and mRNA (data not shown) expressions were approximately twofold lower in PC3 cells compared with LNCaP. Although total RelA expression was similar in the two cell lines, RelA S536 phosphorylation was markedly higher in PC3 cells compared with LNCaP ( Figure 4a) .
As LNCaP cells expressed higher levels of PPM1A, effects of PPM1A on RelA phosphorylation, MCP-1 expression and cellular invasion were determined by depletion of PPM1A. Consistent with results from other cell lines, PPM1A depletion in LNCaP cells increased RelA S536 phosphorylation (Figure 4b ), MCP-1 mRNA expression (Figure 4c ) and cell invasion (Figure 4d) . To determine the effect of PPM1A in PC3-LUC cells with lower endogenous levels of PPM1A, PPM1A was expressed. Ectopic PPM1A expression did not alter total RelA expression, but markedly decreased RelA S536 phosphorylation (Figure 4e ) and resulted in a 50% reduction of MCP-1 mRNA expression and a similar reduction of secreted MCP-1 detected in the conditioned media (Figure 4f) . Remarkably, expression of PPM1A reduced invasion of otherwise aggressive PC3 cells by 450% (Figure 4g ).
PPM1A expression is lower in metastatic human prostate cancer and PPM1A expression inhibits metastases in a mouse model As PPM1A expression inversely correlated with MCP-1 expression and invasiveness of two prostate cancer cell lines (Figure 4) , we examined PPM1A expression in publically available expression data derived from human prostate cancers to determine if PPM1A expression differed in metastatic lesions compared with primary tumors. Indeed, PPM1A expression was twofold lower in distant prostate cancer metastases compared with primary prostate tumors in patients without distant metastases (Figure 5a , NCBI Gene Expression Omnibus, GDS2546 36, 37 ). To begin exploring a potential role of PPM1A in metastasis, an intracardiac injection model was used to study critical behaviors for prostate cancer cell metastases: extravasation and growth in distant sites. Aggressive PC3 cells were chosen since LNCaP cells injected intracardially fail to develop metastasis. 38 PC3 cells expressing luciferase (PC3-LUC) with or without stable PPM1A expression (Figure 4e) were injected intracardially into nude mice and bony metastases quantified. Bioluminescent imaging was performed on mice 1 h after injection and weekly for 4 weeks (example shown in Supplementary Figure S3) . Expression of PPM1A in PC3-LUC cells significantly reduced the incidence of metastases in injected mice (38 vs 93%; Figure 5b ) and the number of metastases per mouse (Figure 5c ). Metastases were confirmed by X-ray imaging (Figure 5d 
DISCUSSION
RelA phosphorylation is necessary for transcriptional competence of nuclear NF-kB, 39 and dephosphorylation of RelA is an important mechanism for homeostatic downregulation of NF-kB activity. 16 In many human tumors, NF-kB activity enhances tumorigenic behavior with upstream kinases largely implicated in inappropriate NF-kB transcription. 40, 41 Data we present here identify a new RelA phosphatase and suggest that loss of RelA phosphatases may be equally important or an alternative mechanism of NF-kB activation in human cancer.
We found that PPM1A, a PP2C family member, is a direct RelA phosphatase at S536 as indicated by activity of bacterially synthesized PPM1A toward both RelA phosphopeptides and immunoprecipitated full-length RelA. Data presented here also support PPM1A as a phosphatase for the S276 site of RelA. S/TQ and TXY are the only consensus target sequences for PP2C phosphatases. 42, 43 As S536 and S276 of RelA are not consensus targets, additional studies with more endogenous PP2C targets may reveal additional consensus sequences. Previous reports show that PPM1A targets NF-kB through dephosphorylation of IKKa and IKKb. 23 Our data reveal that PPM1A inhibited RelA phosphorylation independent of IKKs ( Figure 1c) . Inability of PPM1A to inhibit RelA nuclear translocation further suggests that IKKs are not the dominant mechanism of RelA inhibition by PPM1A. Taken together, PPM1A inhibits NF-kB through at least two mechanisms: (1) inhibition of upstream IKKs, and (2) direct dephosphorylation of RelA. We observed PPM1A-mediated inhibition of RelA with and without stimulation, whereas PPM1A activity to inhibit IKKs was observed only at later time points and after TNFa stimulation, 23 suggesting that whether PPM1A regulation of RelA directly or through IKKs may depend on timing and cellular and signaling context. NF-kB regulation to alter selectively transcription has been widely reported and also varies from cell type to cell type. 3, 44, 45 For example, the known RelA phosphatase, Wip1, inhibits a subset of NF-kB targets. 18 We found that among others, PPM1A decreased expression of NF-kB targets IL-6, as reported previously, 23, 27 and MCP-1. ChIP assay showed depletion of PPM1A increased RelA associated with the MCP-1 gene distal promoter (Figure 2e ), but the phosphorylation status of promoterassociated RelA could not be determined because of the absence of suitable antibodies. Increased mRNA levels of MCP-1 under similar circumstances suggest that promoter-associated NF-kB was transcriptionally active and therefore phosphorylated. These data suggest that PPM1A regulates RelA phosphorylation, resulting in altered expression of select NF-kB targets.
IL-6 and MCP-1 are implicated in metastases, particularly in cancers of the prostate, 46 colon 47, 48 and breast. 33, 49 Distant metastases in breast and prostate cancer are tightly associated with poor patient outcomes. Targeting MCP-1 is an effective therapeutic approach to prevent metastases in animal models of prostate and breast cancer, 50 and a phase II clinical trial using a neutralizing monoclonal antibody against MCP-1 is being tested in metastatic prostate cancer (NCT00992186). IL-6 and IL-6 receptor are also therapeutic targets for prevention of inflammation, tumor progression and metastasis, and their inhibition has shown promise in preclinical models. 51 A phase II trial was completed to determine efficacy of anti-IL-6 chimeric monoclonal antibody in patients with metastatic hormone-resistant prostate cancer (NCT00433446). Given that PPM1A inhibited expression of IL-6 and MCP-1, we explored the role of PPM1A in metastases. Expression data from human prostate cancers revealed that metastatic prostate deposits had significantly lower PPM1A expression when compared with primary tumors in patients without metastases. This exciting finding combined with increased invasion associated with PPM1A depletion (Figure 2e ) led us to examine the effect of PPM1A expression in an androgenindependent highly metastatic prostate cancer cell line, PC3. Interestingly, PC3 cells express lower levels of PPM1A when compared with androgen-dependent and less aggressive LNCaP cells. PPM1A expression significantly inhibited PC3 cell invasion (Figure 4g ) and abrogated PC3 bony metastases in an intravascular metastases model (Figures 5b-d) . Notably, mean PPM1A expression is also decreased in breast cancer and colorectal cancers compared with normal tissue (Oncomine, PPM1A gene, TCGA breast, TCGA colorectal and colorectal 2 data sets), and a xenograft model of breast cancer MCF7 cells revealed that PPM1A depletion increases tumorigenic potential and tumor growth. 52 These data suggest that loss or decreased PPM1A activity may increase aggressive behavior in different tumor types. Although survival data was not included in the prostate cancer data set to correlate PPM1A expression with prognosis, it will be informative to explore when larger public data sets become available.
Our data suggest that PPM1A is a direct RelA phosphatase with tumor suppressor-like activity that, at least partially, depends on PPM1A ability to inhibit NF-kB. In addition to NF-kB, PPM1A targets tumor centric proteins including Smad2/3, p38 and cdk2 implicating PPM1A in cell cycle regulation, as well as tumor growth factor-b and MAPK signaling pathways. 19, 20 Although data presented here PPM1A, RelA phosphatase with tumor suppressor-like activity X Lu et al suggest that invasion in HeLa cells was completely dependent on NF-kB, regulation of tumor invasion, progression and metastasis by PPM1A likely involves additional PPM1A activities. Decreased expression of PPM1A in distant metastases of human prostate cancer coupled with in vivo data suggest that increased PPM1A expression inhibits bony metastases. Neither deletions nor inactivating mutations of PPM1A have been described, suggesting that strategies to increase PPM1A expression or activity in cancer cells could be explored as a therapeutic strategy in human cancers.
MATERIALS AND METHODS
Expression plasmid and small hairpin RNA expression constructs
Myc-PPM1A, Myc-PPM1A (R174G) mutant, glutathione S-transferase-PPM1A and glutathione S-transferase-PPM1A (R174G) were gifts from Dr Sun (Baylor College of Medicine, Houston, TX, USA). 23 His-Wip1 was a gift from Dr Donehower (Baylor College of Medicine).
53 PPM1A was PCR amplified and subcloned into the pHIT-dell2-puro retroviral expression vector. Other constructs were described previously.
3 A pSuper-retro vector (provided by Dr Reuven Agami, the Netherlands Cancer Institute, Amsterdam, the Netherlands) was used to generate short hairpin RNA plasmids for PPM1A with the following target sequence 5 0 -AAGTACCTGGAATGCAGAGTA-3 0 . 23 Lentiviral vector pGIPZ and plasmid coding for PPM1A-targeting short hairpin RNA (Clone ID V2LHS_35113) were from Open Biosystems (Waltham, MA, USA). PPM1A-1 (catalog no. SI02659258, Hs_PPM1A_5) and PPM1A-2 (catalog no. SI02659265, Hs_PPM1A_6) siRNA were purchased from Qiagen (Germantown, MD, USA). Control siRNA (non-targeting no. 1) was from Dharmacon (Waltham, MA, USA). SiRNA was transfected at 20 nM using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA). All transfection reagents were used according to the manufacturer's instructions. Cells expressing PPM1A or short hairpin RNA targeting PPM1A were infected with indicated virus-containing medium with 4 mg/ml polybrene (Sigma-Aldrich, St Louis, MO, USA). For transient expression, cells were used after 24 h of infection. Stable cell lines were selected for 10 days in puromycin (1 mg/ml).
Cell lines, cell culture, transfection and virus infection
IKKa À / À , IKKb À / À (IKK1 À / À , IKK2 À / À ) double-null
Antibodies and reagents
Rabbit anti-RelA (C20), anti-p-S276 RelA (sc101749), anti-glyceraldehyde 3-phosphate dehydrogenase, anti-IkBa (C21), anti-IKKa/b (sc7607) and horse radish peroxidase-conjugated secondary donkey anti-mouse and anti-rabbit antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse and rabbit anti-PPM1A were from Abcam (Cambridge, MA, USA) (p6c7) and GeneTex (Irvine, CA, USA) (GTX109744), respectively. Rabbit anti-p-S468 RelA (Ab31473) was from Abcam. Mouse anti-Flag M2, anti-Flag M2 affinity gel and 3 Â Flag peptide were from Sigma-Aldrich. Anti-p-S536 RelA (Cell Signaling, Boston, MA, USA). TNFa and IL-1b were from PeproTech (Rocky Hill, NJ, USA).
Immunoprecipitation and immunoblotting
Cells were lysed in 0.5% (v/v) Nonidet P-40 lysis buffer supplemented with protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and phosphatase inhibitor III (Sigma-Aldrich). Total cell lysate was incubated with anti-Flag M2 affinity gel (Sigma-Aldrich) and immunoprecipitation was performed according to the manufacturer's instruction. Immunoblotting was performed as described previously. 54 In vitro phosphatase reaction and malachite green phosphatase assay
The experiment was performed as described, 23 with modified phosphatase 2C buffer (50 mM Tris-HCl (pH 7.5), 0.1 mM ethylene glycol tetraacetic acid, 0.02% 2-mercaptoethanol ± 25 mM MgCl 2 ). Flag-RelA protein was used as substrate after elution with 3 Â Flag peptide (Sigma-Aldrich).
Phosphopeptide analysis was performed as described, 18 with modified PP2C buffer and malachite green assay kit (no. POMG-25H; BioAssay Systems, Hayward, CA, USA). Phosphopeptides synthesized by LifeTein: RelAS536 (GDEDFSpSIADMD) and RelAS276 (QLRRPpSDRELS). 18 His-Wip1 was purified using Ni beads as described. 53 Luciferase reporter gene assay Dual-Luciferase Reporter Assay (Promega, Madison, WI, USA) was performed as described previously. 3 cDNA synthesis and real-time PCR mRNA was extracted using RNeasy mini (Qiagen). cDNA synthesis was performed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Real-time PCR was performed using iQ SYBR green supermix (Bio-Rad). RT-PCR Array (PAHS-025A, SABiosciences) was used according to the manufacturer's instructions. MCP-1 primer sequences were as follows: forward, 5 0 -CTGCTCATAGCAGCCACCTT-3 0 ; reverse, 5 0 -GCACTGAGATCTTCC-TATTGGTG-3 0 . GAPDH was used as control.
ChIP assays
ChIP assays were performed using Magna ChIP A/G (no. 17-10085; EMD Millipore, Billerica, MA, USA) following the manufacturer's instructions. The 3 Â 10 6 HeLa cells were used for each assay. Anti-RelA antibody (SC-109 X) and normal rabbit IgG (Santa Cruz Biotechnology) were used for immunoprecipitation. Purified DNA was analyzed by real-time PCR. Primers ((NM_002982.3 ( À ) 03 kb) for the kB binding site on MCP-1 promoter were from SABioscience/Qiagen.
In vitro cell invasion assay
Transwell invasion assay was performed as described. 
Cell fractionation
Cell fractionation was performed as described, 55 with modified hypotonic buffer (10 mM HEPES (pH 7.1), 50 mM NaCl, 0.3 M sucrose, 0.1 mM ethylenediaminetetraacetic acid, 0.5% Triton X-100, 1 mM dithiothreitol) and washing buffer (10 mM HEPES (pH 7.1), 0.1 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol).
DNA binding assay
The assay was performed as described 3 using TransAM NF-kB p65 assay kit (catalog no. 40096; Active Motif, Carlsbad, CA, USA).
Obtaining conditioned medium and enzyme-linked immunosorbent assay Conditioned media were obtained from PC3 cell cultures as described. 35 Cell number from each well was counted to normalize data for differences. MCP-1 concentration was measured by MCP-1 ELISA kit (R&D System, Minneapolis, MN, USA) following the manufacturer's protocol.
The Gene Expression Omnibus analysis
Normalized PPM1A expression data were downloaded from Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/projects/geo/) with citations for individual studies. Gene expressions were analyzed and plotted with average±s.d. in Prism 5.0 (GraphPad, La Jolla, CA, USA).
In vivo tumor metastasis assay and bioluminescent imaging ex vivo analysis The 1 Â 10 5 PC3-LUC cells infected with control or PPM1A-expressing retrovirus suspended in 0.1 ml of phosphate-buffered saline were inoculated into the left cardiac ventricle of male nude mice. Metastases were monitored by bioluminescent imaging weekly (Xenogen IVIS 200 Imaging System, Alameda, CA, USA). Mice with bioluminescent signal in the chest cavity 1 h after injection were excluded from the study since this indicated leakage of tumor cells during injection. 56 Four weeks after PPM1A, RelA phosphatase with tumor suppressor-like activity X Lu et al
